activities and reaction pathway in the CO-H2 formation by partial oxidation of CH4,
Introduction
The yield of CO and H2 was above 90% at 1,050K over several lanthanide ruthenium oxide catalysts and related transition metal catalysts2),3). The reaction is expected to be suitable for methanol synthesis process since H2/CO ratio coincides with the composition of methanol.
Nevertheless, little attention has been paid to this catalysis so far. At the very same time when Ashcrof t et al. reported their results, we also found that the reaction occurred over several metal catalysts4).
The partial oxidation reaction (1) is mildly exothermic reaction with a negative value of free energy change.
If CH4 and O2 can be converted directly to CO and H2 and that no side reaction occurs, the equilibrium conversion should be almost 100%, except for the case at very high temperature.
If, however, CO2 and H2O are produced by complete oxidation of CH4 as indicated by reaction (2), we must consider several reactions involving CH4, H2O, CO2, CO, and H2. Over metal catalysts, CH4+H2O5),6) and CH4+CO27)-10) reactions are known to produce CO and H2, Eqs.
(3) and (4) . Further, water gas shift reaction (5) may occur.
The amount of products in the reaction of CH4 and O2
should be determined by kinetics and equilibrium of reactions (2)- (5) .
Since the enthalpy of reaction (2) is highly negative, the equilibrium lies so far to the right. The CO2 and H2O formation, therefore, is favored in a very wide range of temperatures.
As to the reactions (3) and (4) , which are endothermic, the formation of CO and H2 is favored at higher temperature (above ca. 1,100K at 1atm). The water gas shift reaction is slightly exothermic.
By considering these equilibrium of the reactions (2)-(5), production of CO and H2 is thermodynamically favored at the higher temperature.
Key point of the partial oxidation of CH4 is ascribed to a reaction condition in which excess CH4 exists for the reactions (3) and (4) . If the CH4/O2 ratio is above 0.5, CO and H2 can be produced.
In order to convert CH4 to CO and H2 at a conversion of 100%, the CH4/O2 ratio should be 2.
In our present study, we have performed CH4+1/2O2 reaction on various VIII group metal catalysts to find active catalysts for synthesis gas production.
As an initial result of our studies, the characteristic activity of supported metal catalysts and the reaction pathway are reported.
An equilibrium and kinetic consideration was made to understand the reaction pathway. A more detailed mechanism and the effect of support will be reported elsewhere.
Experimental
The SiO2-supported catalysts containing 5wt% metal were prepared by a conventional impregnation method by use of metal nitrate for Ni and Co, metal chlorides for Ru, Pd, and Rh, metal sulfate for Fe, and hydrochloroplatinic acid for Pt. The SiO2 used for a support, JRC-SIO-3, was supplied by the Catalysis Society of Japan as reference catalyst.
Physical nature of the SiO2 has been reported elsewhere12).
The apparatus used for studies of CH4+1/2O2 and CH4+CO2 reactions was a conventional fixed bed flow reactor.
Prior to the reaction, catalysts were reduced with H2 at 773K for 2h in the reactor. Typical amount of catalyst was 200mg. The experiments on W/F dependence were carried out by changing the amount of catalyst, where W and F are metal weight of the catalysts and flow rate of methane, respectively.
The reactant gases, CH4, O 2, and CO2 were diluted with N2 to 5%, 2.5%, and 5%, respectively.
The total flow rate was 39ml/ min at atmospheric pressure.
Typically, the reactions were started at a low temperature and then tested by raising temperature stepwise to higher temperatures (up to ca. 1,000K). At each reaction temperature, the reactions were performed for 70min. This procedure is called, "heating mode", in this paper.
For the cases of Ni, Fe, and Co catalysts, the reaction was also carried out by decreasing the temperature from a high level (ca. 1,000K), which is called, "cooling mode". The reactant and product gases, CH4, O2, CO2, H2 and CO, were analyzed by a gas chromatography, using columns packed with Porapak Q and Molecular Sieve 5A. The yield of the products was calibrated to a CH4 basis value.
Results

CH4+1/2O2 Reaction
Activity and selectivity for the partial oxidation reaction of CH4 were tested on various transition metals supported on SiO2 at reaction temperatures between 573 and 973K. In the experiments on this reaction, products analyzed by GC were CO, CO2 and H2. Though water production was confirmed by gas chromatography, the amounts were not determined accurately in this study. Experimental error of the amounts of H2O evaluated by material balance of H and O was about 20%. Reaction pathways are well explained by taking account of H2O formation.
No significant formation of other carbon-containing compounds was detected in our reaction conditions.
No CO and H2 production over the SiO2 support at 573-973K were confirmed. Based on the general catalytic features observed for production of CO2-H2O and CO-H2, the catalysts tested here were classified into three types, i.e., Pd and Pt catalysts, Rh, Ru, and Ni catalysts, and Co and Fe catalysts.
3.1.1
Pd, Pt Catalysts The characteristic feature of Pd and Pt catalysts is the high catalytic activity for complete oxidation even at low temperature (500-600K). Figure  1 (a) displays the results of the CH4+1/2O2 reaction over the Pd catalyst. At low reaction temperature below 700K, CO2 was produced at a yield of 21%. The reaction is ascribed to the complete oxidation of CH4, reaction (2) , where all of O2 is consumed to oxidize CH4. The experimental values of CH4 and CO2 concentrations at 607K are 80% and 21% of introduced CH4, respectively, which is close to expected values (CH4; 75%, CO2; 25%) of the case when only reaction (2) proceeds on the catalyst and the conversion of O2 is 100%. Material balance of H and O at 607K indicates formation of H2O at -25% on CH4 basis, which amount agrees also with those expected from reaction (2) . At higher temperatures above 700K on the Pd catalyst, H2 and CO evolve with a H2/CO molar ratio of 3-4.
During the CO-H2 formation, amount of methane decreases with increase of CO in the amount, but concentration of CO2 remains nearly constant at these temperatures. This indicates that the oxygen in the CO comes from H2O. Also judging by the H2/CO molar ratio, the reaction for the production of H2 and CO is attributed to CH4+H2O, reaction (4). Material balance of H and O is established at 943K without taking into account the formation of H2O, which indicates that no H2O was formed.
According to the fact that almost no CO2 reacts with CH4, while H2O reacts with CH4, it is concluded that the reactions (2) and (4) proceed to form CO and H2 over the Pd catalyst in the cited reaction conditions.
Material balance of carbon at higher temperatures, above 870K, tends to be unsatisfactory, which is presumably due to carbon deposition, since the catalyst weight increased after the reaction at high temperatures.
Further, on the Pt catalyst, complete oxidation of CH4 by O2 is found to proceed rapidly at low temperature as shown in Fig. 1(b) . No O2 exists in the gas phase at temperatures between 500 and 600K, which is in common with the case of the Pd catalyst.
H2 and CO evolve with a molar ratio of -3 below 800K, which indicates that reaction pathway is the same as in the case of on Pd. Results for the Pt catalyst, however, are different from the case of Pd, in respect to the fact that the amount of CO2 decreases with rise in the reaction temperature.
Almost all of CH4 and O2 are converted to CO and H2 at 950K. Material balance of H and O indicates that H2O forms at 25% on CH4 basis at 573K and no H2O forms at 927K. These catalysts show similar product distribution at each reaction temperature.
Above 600K, on both catalysts, the amounts of CH4 and O2 decrease correspondingly with increase of CO2. The reaction is attributed to the complete oxidation reaction (2), which is supported by the mass balance of oxygen and carbon.
At 700K on Rh and 840K on Ru, the complete oxidation should have been terminated, because the oxygen is completely consumed here. At these temperatures, formation of CO and H2 starts abruptly. Finally, the yields of CO and H2 are about 90% at 1,000K.
The H2/CO ratio is nearly unity on CH4 basis, which corresponds to a H2/CO molar ratio of 2. The conversion of CH4 to CO and H2 is found to follow approximately an equilibrium value calculated from thermodynamics for reactions (3) and (4), as shown in Fig. 2(a) . The On Ni catalyst, different results were obtained when the mode of temperature variation was changed.
The modes, which consist of heating mode and cooling mode, are described in the experimental section. Figures 3(a) and (b) show the results of CH4+1/2O2 reaction over Ni in the heating mode and the cooling mode, respectively. Only the complete oxidation reaction was found to proceed without the production of CO and H2 in the heating mode.
However, CO and H2 formed remarkably above 773K, in the cooling mode. The results in Fig. 3(b) surface of catalyst may be covered with much oxygen Oa, which is expected from the fact that dissociative adsorption of O2 occurs on the metal quite rapidly. It is also common phenomena with Ru, Rh, and Ni catalysts that no CO-H2 is observed when O2 exists in gas phase. We, hereby, tentatively propose that the CH4+H2O and CH4+CO2 reactions are retarded in case the surface of catalyst is oxidized14). The oxidized state is not easily converted to active surface for CH4+H2O and CH4+CO2 reactions even at 900-1,000K, leading to different results in heating and cooling modes14).
3.1.3
Co, Fe Catalysts No CO and H2 were produced over Co and Fe catalysts at temperatures between 600 and 900K as shown in Figs. 4(a) and (b) . As judged by stoichiometry, it is clear that only complete oxidation of CH4 proceeds over the catalysts. CO and H2 were not seen over either Fe or Co catalyst even in the cooling mode. The distribution of products and reactants is quite similar to the one for Ni catalyst tested in the heating mode. Since oxygen affinity for Co and Fe is stronger than that for Ru, Rh, and Ni as expected from the heat of formation of their oxides, the surface is possibly oxidized by O2, H2O or CO2, where the oxidation of surface proceeds faster than reduction by CH4. The results clearly show that complete oxidation of CH4 occurs rapidly at the initial stage. The ratio of CH4, O2, and CO2 in gas phase is close to 3:0:1, respectively, indicating that only reaction (2) proceeds on the catalyst. Material balance of H and O indicates H2O formation of -25% on CH4 basis at W/F=0.2gh/mol.
It is clear that CH4+H2O reaction occurs successively so that a molar ratio of H2/CO is close to the one (-3) expected from reaction (4) . From slopes for the CO2 and CO formation in Fig. 5(a) , the rate for reaction (2) is at least 5 times faster than that for reaction (4) . In contrast to H2O, no CO2 reacts with CH4 at the reaction temperature. At higher reaction temperature of 903K (Fig.  5(b) ), the products distribution is very similar to the one in Fig. 5(a) up to W/F=1.0gh/mol. That is, complete oxidation had already occurred at the initial stage, and then followed by the CH4+H2O reaction.
Above W/F=1.0gh/mol, the amount of CO2 starts to decrease with a corresponding decrease of CH4. The molar ratio of H2/CO approaches 2 at higher W/F. These results indicate that the CO2+CH4 reaction apparently proceeds on the Pt catalyst as a consecutive reaction at higher temperatures.
The rate for CH4 oxidation by H2O or CO2 is almost constant within a whole range of W/F, except for very small value of W/F as seen in Fig. 5(b) . The results are apparently not consistent with other experimental results, as will be presented later, in which the catalytic activity of Pt for CH4+CO2 reaction is quite low at comparable reaction condition. This apparent conflict suggests a participation of the reverse water gas shift reaction.
It should be noted that the results of W/F dependency clearly showed consecutive pathway, including complete oxidation reaction of CH4 at the temperature at which all of CH4 can be converted into CO and H2. 3.3 CH4+CO2 Reaction The CH4+CO2 reaction was carried out on the same catalysts used for the CH4+1/2O2 reaction to compare activities for the two reactions, since the former reaction is one of plausible reaction steps in the partial oxidation of CH4. For the catalysts used in this study, CH4+CO2 reaction leads to CO and H2 products at temperatures between 573 and 1,073K.
The conversion of CH4 to CO and H2 for the catalysts studied are compared in Fig. 6 . Equilibrium conversion is also displayed in Fig. 6 . It has been revealed that Pd and Pt catalysts have low activity for the CH4+CO2 reaction.
Over the Pd catalyst, the results are consistent with those of the CH4+1/2O2 reaction, in which significant amounts of CO2 remained unreacted in the existence of CH4 at temperatures high as 950K. The results, however, for both reactions are apparently not consistent over the Pt catalyst. That is, CO2 apparently reacts with CH4 to form CO and H2 at high temperatures in the CH4+ 1/2O2 reaction over Pt as shown in Fig. 5(b) , while the direct reaction of CH4+CO2 does not proceed sufficiently at the same flow rate and the same partial pressure of CH4 (Fig. 6 ). This indicates that CO2 would react with CH4 through two consecutive reactions. It may be plausible that the reaction pathway includes reverse water gas shift reaction.
Since the CH4+H2O reaction proceeds rapidly at temperature as low as 750K, CO2 is first converted to CO and H2O by a reaction with H2, and then the H2O reacts with CH4 to produce CO and H2.
Ru and Ni catalysts showed high activity for the CH4+CO2 reaction.
The conversion of CH4 is close to the equilibrium value at around 1,000K. The results support the consecutive pathway, in which CH4+CO2 and CH4+H2O reactions occur subsequent to complete oxidation of CH4.
The Rh catalyst was less active than Ru and Ni catalysts.
The conversion over Rh is slightly less than that expected from the decrease of CO2 in CH4+1/2O2 reaction at 700-900K, shown in Fig. 2(a) . This fact may explain that the reaction pathway involves reverse water gas shift reaction (5) .
The Co catalyst showed the lowest activity in the present study. The result is consistent with the fact that the CH4+1/2O2 reaction produce only CO2 and H2O without any CO and H2. The very low catalytic activity of Co catalyst may be related to oxidation state of the surface as will be described later.
Discussion
There are several possible reaction pathways to form synthesis gas from CH4 and 1/2O2.
Firstly, CH4 and 1/2O2 may be converted directly to CO and H2 without occurrence of any side reaction. In this case, the equilibrium conversion should be almost 100% within the temperature range of our study.
Secondly, the reaction pathway may involve reactions (2)- (5), in which CO2 and H2O are produced as a result of complete oxidation. The present studies clearly showed that a portion of CH4 was fully oxidized to CO2 and H2O in the initial stages over all metal catalysts tested here, after which excess CH4 consecutively reacted with H2O and CO2 to produce CO and H2, over active catalysts such as Ru, Ni, Rh, and Pt supported on SiO2. At higher temperatures (700-1,000K), the yield of CO and H2 increases because formation of CO and H2 is thermodynamically favored rather than the formation of CO2 and H2O. It is impossible to produce significant amounts of CO and H2 at low temperatures (400-700K) over the catalysts used here.
The catalytic activity for the CH4+H2O and CH4+CO2 reactions explains well the results of product distribution in CH4+1/2O2 reaction. As for Pd/5iO2 catalysts, CO2 formed by the complete oxidation of CH4 remained unreacted at high temperatures in CH4+1/2O2 reaction, which is consistent with the fact that no CH4+CO2 reaction proceeds over Pd (Fig. 6) . The other product, H2O, formed by the complete oxidation, reacted with CH4 to produce CO and H2 at temperatures high as 700-1,000K
( Fig. 1(a) ). The product distribution, therefore, is determined by reactions (2) and (4).
Rh, Ru, and Ni metals are known as active catalysts for methanation reaction13), and they should be active catalysts for reverse methanation, CH4+H2O reaction.
Activities of metal catalysts for CH4+H2O have been reported by Dowden5). The order in the activity is Ru>W>Rh>Ni> Co>Os>Pt>Fe>Mo>Pd>Ag.
In the present studies, it has been confirmed that Rh, Ru, and Ni showed high activity for CH4+CO2 reaction. Since Rh, Ru, and Ni catalysts have activity for reactions (3) and (4), it is reasonable that these catalysts show superior activity for CO-H2 production by CH4+1/2O2 reaction.
The reaction over Pt catalyst may be a special case among those over other catalysts tested here in a sense that the reverse water gas shift reaction takes place significantly at high temperatures ( Fig. 5(b) ) as described in the section on results.
Though the reaction of CO2 with CH4 proceeds very slowly on the Pt catalyst (Fig. 6 ), CO2 and CH4 can be converted to CO and H2 in the presence of H2O, through consecutive reactions: Consequently, a composition at equilibrium is mainly determined by the reactions, (4) and (5'), which is the same with that as in the case for the pathway composed of reactions (3) and (4) .
It should be noted that the surface state of catalysts drastically alters the catalytic activity for the CH4+CO2 and CH4+H2O reactions, as indicated by the results over the Ni catalyst shown in Figs. 3(a) and (b) . When the surface is oxidized (Fig. 3(a) ), the reactions (3) and (4) are completely hindered, even at such a temperature high as 1,000K.
Similarly, Co and Fe catalysts may be oxidized under reaction of CH4+1/2O2, and rendered inactive catalysts for the CH4+CO2 and CH4+H2O reactions.
The oxidation state of catalyst surface should be determined by kinetic balance between surface oxidation by O2, CO2, or H2O and reduction by CH4 or H2. If the rate of oxidation is much higher than the one for the reduction of surface Oa, coverage of surface oxygen should increase.
When the surface of catalyst is significantly covered with oxygen, active catalysts for CH4+H2O and CH4+ CO2 reactions are probably rendered inactive. This situation could exist in the cases for CH4+ 1/2O2 reactions over Ru, Ni, and Rh catalysts (Figs. 2 and 3) , where no CH4+CO2 and CH4+H2O reactions occurred when O2 was present in gas phase14). After all gaseous O2 was consumed by the complete oxidation of CH4 (2), CO and H2 were produced by reactions (3) and (4). This is quite important to understand the reaction pathway of (1), because CH4+H2O and CH4+CO2 reaction can not proceed on the catalysts during the complete oxidation of CH4. The facile oxidation of the surface of Ru, Ni, and Rh is easily predictable, since dissociative adsorption of O2 is a very rapid reaction, while reduction of Oaby CH4 is supposed to be a slow one. Recently, X-ray diffraction (XRD) study confirmed the validity of this prediction of oxidative state of the surface, which will be reported elsewhere.
